Low vitamin D (VD) status may increase prostate cancer risk but experimental evidence for this relationship is modest. We tested whether low VD status or VD receptor (VDR) deletion influences prostate epithelial cell (PEC) biology using intact mice, castrated mice, or castrated mice treated with testosterone propionate (TP, 2.5 mg/kg BW). PEC proliferation (Ki-67 staining) and apoptosis (TUNEL method) were determined in the anterior prostate (AP). In study 1, wild-type (WT) and TgAPT 121 mice (a model of prostate intraepithelial neoplasia) were fed diets with 25, 200 (reference diet), or 10,000 IU VD/ kg diet (as vitamin D 3 ) prior to castration/repletion. Serum 25 hydroxyvitamin D levels were 26, 78, and 237 nmol/L in the three diet groups, respectively. Castration reduced proliferation and increased apoptosis in the AP while TP reversed these effects. Low VD diet increased proliferation in WT (þ82%) and TgAPT 121 (þ24%) mice while it suppressed apoptosis in WT (À29%) and TgAPT 121 (À37%) mice. This diet also increased the severity of prostate intraepithelial neoplastic lesions in the AP of intact TgAPT 121 mice. In study 2, mice with PEC-specific VDR deletion (PEC VDR KO) were examined after castration/repletion. TUNEL staining was 60% lower in castrated PEC VDR KO mice compared with castrated WT mice. In castrated mice given TP, Ki-67 staining was 2-fold higher in PEC VDR KO compared with WT mice. Our data show that low diet VDR or VDR deletion provide a prostate environment that is permissive to early procarcinogenic events that enhance prostate cancer risk. Cancer Prev Res; 4(10); 1617-25. Ó2011 AACR.
Introduction
High serum 25 hydroxyvitamin D 3 (25OH D) levels have been proposed to reduce prostate cancer risk (1), a finding observed in some (2, 3), but not other (4) epidemiologic studies. Although the epidemiologic evidence is equivocal, studies on cultured prostate cells supports this hypothesis. 25OH D has low affinity for the vitamin D receptor (VDR) but is further metabolized to 1a, 25 dihydroxyvitamin D 3 (1,25(OH) 2 D), a hormone that binds the VDR and regulates gene transcription (5) . The VDR has been detected in the secretory-epithelial and stromal cells of the human prostate (6) and treatment of cells from the healthy prostate, from benign prostatic hypertrophy, and from prostate cancer with 1,25(OH) 2 D induces growth inhibition that is dependent upon the presence of the VDR (7, 8) . In vivo, pharmacologic treatment with 1,25(OH) 2 D suppresses prostate tumor growth in models like Nkx3.1 þ/À ; Pten þ/À mice (9) and in mice with LNCaP (10) or PC3 (11) xenographs. However, the impact of dietary-induced alterations in serum 25OH D on prostate biology and cancer is less certain. Critically, except during frank vitamin D deficiency, serum 1,25(OH) 2 D levels are not modulated by elevated serum 25OH D levels (12) . As a result, studies using 1,25(OH) 2 D treatment do not address whether variations in serum 25OH D can alter prostate cell biology or prostate cancer in vivo. Prostate carcinogenesis is a multistep process with a long latency period. As such, there are many points where agents could provide a preventative benefit (13) . One potentially vulnerable period is during adolescence where testosterone induces events that increase the size of the prostate gland by several-fold. Prostate expansion is followed by the appearance of low grade prostate intraepithelial neoplastic (PIN) lesions (14) suggesting that prostate gland expansion permits molecular events necessary to initiate prostate cancer. With this in mind, we hypothesize that high vitamin D status may exert its beneficial effect early in life when the prostate is more susceptible to cancer initiating genetic or epigenetic events.
Here, we examined the impact of disrupting vitamin D signaling in mice using castration/repletion to model the rapid expansion of prostate mass (15) and in TgAPT 121 mice that model the early stages of cancer where prostate epithelial cell (PEC) hyperproliferation and low grade PIN is evident (16) . Our data show that low dietary vitamin D intake or deletion of VDR in PECs create an environment in the prostate characterized by high proliferation and low apoptotic rates that may be permissive to events that enhance subsequence prostate carcinogenesis. This is the first direct evidence that links vitamin D status to the modulation of prostate biology.
Materials and Methods

Animal and diet information
Experiments were approved by the Purdue Animal Care and Use Committee. Mice were housed with a 12-hour light/12-hour dark photoperiod and lights were covered with a UVB filter to prevent skin vitamin D synthesis (Pegasus Associates Lighting). AIN93G-based (17) diets were purchased from Research Diets (New Brunswick). Diets and water were provided ad libitum.
Probasin promoter-Cre recombinase mice were obtained from the NCI Mouse Models of Human Cancers Consortium (PB-Cre; strain number 01XF5, genetic background C57BL/6N). Mice with loxP sites flanking exon 2 of the VDR gene (VDR fl/fl, genetic background C57BL/6 Â TT2) were from Dr. S. Kato (University of Tokyo, Japan). TgAPT 121 mice were from Dr. Terry Van Dyke (NCI; C57BL/6 Â DBA/2J genetic background; ref. 16 ). Female TgAPT 121 mice were bred to male B6D2F1 mice (Jackson Laboratories) to perpetuate the line. Nontransgenic mice from these breedings were used as wild-type controls in experiment 1.
Mice with prostate epithelium-specific VDR ablation (VDR fl/fl ; PB-Cre þ/À mice; PEC VDR KO) were made by breeding VDR fl/fl mice to PB-Cre mice and crossing the offspring back to VDR fl/fl mice. Mice from these litters lacking the PB-Cre transgene were used as controls.
Genotyping
Genomic DNA was prepared by using the Qiagen DNeasy kit (Qiagen). The APT 121 transgene was identified by PCR (16) . Other PCR primers for genotyping were: PB-Cre transgene Cre #1, Role of VDR level on androgen-dependent proliferation and apoptosis in mouse prostate. At 15 days of age pups and their dams of were switched from commercial chow diets to AIN93G diet containing 200 IU vitamin D 3 /kg diet. At weaning 23 male WT and 23 male PEC VDR KO littermates were randomized into 3 androgen status groups: intact, castrated, or castrated þ TP treatment groups (n ¼ 7-8 per genotype, 2 Â 3 factorial design). At 9 weeks of age mice underwent the castration-TP repletion protocol and all mice were euthanized 5 days after the start of TP repletion (75 days of age) for tissue harvests as described above.
Immunohistochemistry
The urogenital tract was fixed in 10% neutral buffered formalin for 24 hours and stored in 75% ethanol for 3 to 5 days. It was then divided into a portion containing the anterior prostate lobes and a portion containing the ventral, dorsal, and lateral lobes according to the recommendations of the Bar Harbor Classification of Mouse Prostate Pathology (18) . These portions were individually processed and embedded into paraffin.
Step sections (4.0 mm thick) were prepared from all of the blocks and stained with hematoxylin and eosin. Immunohistochemical analysis for cell proliferation was done by staining for Ki67 antigen. Antigen retrieval was done by boiling the slides in citrate buffer (Biogenex) for 15 minutes. Endogenous peroxidase activity was quenched with 10-minute incubation in 3% H 2 O 2 in methanol. Sections were incubated with anti-Ki67 primary antibody (1:200, M7249, DAKO Corp.), for 30 minutes at room temperature, followed by 30-minute incubation with a horseradish peroxidase (HRP) labeled secondary antibody. Detection for specific Ki67 staining was done using the rodent IHC Detection System (Biogenex) and sections were countertained with hematoxylin. Apoptosis was evaluated by TUNEL staining with the ApopTag Plus Peroxidase In Situ Apoptosis Detection Kit (Chemicon International) and were counterstained with methyl green.
Image capture, quantification, and grading
Tissue sections were reviewed without knowledge of experimental group. For proliferation and apoptotic index, 5 representative, nonoverlapping images without artifacts (400Â magnification) were digitally recorded for each anterior lobe and 3 images were collected for the other prostatic lobes using bright field microscopy (Olympus BX-51). The captured images were analyzed using Image-Pro Plus 5.5 image analysis software (Media Cybernetics).
Proliferation index (PI) was the percentage of Ki67 stained nuclei in 5 (anterior lobe) or 3 (other lobes) 
For grading, Ki67 and hematoxylin stained sections of the anterior prostate from intact 11 week old TgAPT121 mice were examined using the 6 grades established for the lesions of TRAMP mice (19) . TgAPT121 mice do not express the advanced grade 6 lesions seen in TRAMP mice and they express grade 5 lesions only after 4 to 6 months of age. Lesions were grouped into 2 categories: normal/low grade (normal, grade 1 and 2) or high grade (grade 3 and 4). Data were evaluated as number of lesions in each grade, area of each grade, and% total area accounted for by each grade.
Serum calcium and vitamin D metabolite analysis
Serum 1,25(OH) 2 D and 25OH D were determined by radioimmunoassay (IDS Inc.). Serum calcium concentrations were measured using the QuantiChrom Calcium Assay Kit (BioAssay Systems).
Statistical analysis
Prior to analysis, all data were checked to ensure they fit a normal distribution using the Shapiro-Wilk test. Skewed or nonnormally distributed data was log transformed prior to analysis and the correction to a normal distribution was confirmed. Values are reported as means AE SE of the nontransformed data.
Treatment effects for castration-repletion studies were assessed by 2-way ANOVA within each genotype group (main effects for study 1 ¼ castration state, diet; for study 2 ¼ castration state, genotype) using the SAS statistical software package (SAS 9.1.2). For study 1 orthogonal contrasts for diet effects were conducted (25 IU vs. the other 2 vitamin D groups; 200 IU vs. 10 k IU group). For study 2, pairwise comparisons using Fisher's protected least significance difference were utilized and differences between genotype groups were assessed within the castration þ TP treatment group using a 2-tailed Student's t test for: body weight, reproductive system weight, and Ki67 staining. Differences between means were considered significant at P < 0.05.
When assessing the impact of diet on prostate histology in TgAPT 121 mice a nonparametric equivalent of 1-way ANOVA, the Kruskal-Wallis test, was used. When a significant diet effect was detected (P < 0.05), we conducted 2 orthogonal contrasts (25 IU vs. the other 2 vitamin D groups; 200 IU vs. 10 k IU group). The groups in a contrast were considered significantly different when P < 0.05.
Results
Effects of vitamin D and androgen status on growth and serum parameters
There was no effect of dietary vitamin D or androgen status on body weight (data not shown). As expected, castration significantly reduced the weight of the reproductive system (seminal vesicles, prostate, and bladder) by 64% (P < 0.05) in both WT and TgAPT 121 mice and TP repletion partially reversed this effect in both genotype groups.
The impact of dietary vitamin D or androgen status on serum vitamin D metabolite and calcium levels were not different between WT and TgAPT 121 mice so these data are reported as pooled across genotype groups. and TP infusion stimulated, PEC proliferation (castration main effect, P < 0.01, Fig. 2) . Also, castration significantly increased, and TP infusion suppressed PEC apoptosis (castration main effect, P < 0.01, Fig. 3 ). However, there was no statistical interaction between androgen status and dietary vitamin D level on PEC proliferation or apoptosis in either WT or TgAPT 121 mice.
Dietary vitamin D level influenced PEC proliferation in both WT and TgAPT 121 mice (main effect of diet, P < 0.001). Mice fed the 25 IU diet had the highest PI in all 3 androgen status groups, although the impact of low vitamin D intake was proportionally greater in the WT group. Suppression of proliferation was maximal in the 200 IU group and no additional benefit was observed by raising serum 25OH D to supraphysiologic levels with the 10 k IU diet. The apoptotic index was lowest in mice fed the 25 IU diet compared with the other diet groups (50% lower in intact and castrated þ TP groups, 25% lower in castrated mice, P < 0.05, Fig. 3 ) and there was no additional impact of the 10 k IU diet on TUNEL staining beyond that seen in the 200 IU diet group in either WT or TgAPT 121 mice.
Dietary vitamin D level modulates the PIN phenotype of TgAPT 121 mice
The TgAPT 121 has PEC-specific expression of a truncated SV40 large T antigen protein leading to a hyperproliferative phenotype in all lobes of the prostate. The model has strong histologic similarities to the earlier stages of human PCa, that is, showing hyperplasia by 5 weeks, various grades of PIN starting at 7 to 8 weeks, and adenocarcinoma starting at 12 weeks of age [unpublished data from our lab and (16)]. During the 11-week study period all intact TgAPT 121 mice developed epithelial cell abnormalities. However, TgAPT 121 mice fed the 25 IU vitamin D diet had no areas of normal epithelium, simple hyperplasia, or low grade PIN; their prostates were filled with high grade PIN (Fig. 4) . In contrast, there was an equal distribution of high grade lesions and normal/low grade lesions in TgAPT 121 mice fed the reference or high vitamin D diet. This suggests that the combination of high cell proliferation and low apoptosis seen in the PECs of TgAPT 121 mice fed the low vitamin D diet contributes to an acceleration of the early prostate cancer phenotype in this model.
VDR is critical for the control of PEC proliferation and apoptosis in wild-type mice
Recombination of the VDR floxed region in PEC VDR KO animals was confirmed by PCR in the prostate lobes of 8-week old mice whereas only the floxed VDR allele was observed in the liver where the probasin promoter is not active (Fig. 5B) . The presence of the intact floxed VDR allele in prostate lobes reflects the multiple cell types in the prostate and the fact that only the epithelial cells express Cre recombinase from the probasin promoter (21) .
At the end of the study, body weight was not different among the treatment or genotype groups (data not shown). Androgen status had expected effects on the weight of the reproductive tract, Ki67 staining, and TUNEL staining, and there was no effect of the VDR deletion on the weight of the reproductive system.
The PEC PI was 97% higher in the anterior prostate of PEC VDR KO mice compared with WT mice in both the castration group and in the castration þ TP group (P < 0.05, Fig. 5C ). A similar effect of VDR deletion on PEC proliferation was seen in the dorsal, lateral, and ventral prostate lobes of mice from the castration þ TP group (Fig. 4D) . The apoptotic index was significantly lower in mice from 2 PEC VDR KO groups: castrated (40% of WT values, P < 0.05) and castrated þ TP (57% of WT values, P < 0.05). Although the apoptotic index was 31% lower in intact PEC VDR KO mice, this difference was not statistically significant (P ¼ 0.09).
PEC VDR deletion affects proliferation of fibromuscular stroma cells
Others have shown that communication between PECs and the cells of the stroma contributes to prostate carcinogenesis (22) . Consistent with the existence of androgen receptor-mediated signaling in prostate stromal cells, castration, and androgen repletion significantly regulated stromal cell PI (P ¼ 0.003). There was also a significant main effect of PEC VDR deletion on the Ki67 staining (À43%, P ¼ 0.005; Fig. 4F ) but not TUNEL staining of stromal cells.
Discussion
There is growing evidence that high vitamin D status may reduce the risk of various cancers, including prostate cancer (23) . Unfortunately, the direct evidence linking vitamin D status to prostate health is modest. Our data clearly show that low vitamin D status increased PEC proliferation and reduced PEC apoptosis and that these vitamin D-regulated events are not lost during the early hyperproliferative and dysplastic transition to PIN. In addition, we found that a greater proportion of the prostate epithelium was characterized by advanced PIN phenotypes in TgAPT 121 mice fed the low vitamin D diet. As such, our study is the first to directly link diet-induced and human-relevant levels of serum 25OH D to the control of testosterone-driven prostate biology and the early stages of prostate cancer.
A consequence of low vitamin D status for normal prostate biology was previously suggested by Xue and colleagues (24) . They found that PEC proliferation in the anterior and dorsal prostate lobes were elevated by 100% after feeding weanling mice a high fat diet with low folate, methionine, choline, and cysteine levels that is deficient in calcium (1/10th requirement) and had low vitamin D levels (100 IU). However, the weakness of this study is that neither serum Ca nor vitamin D metabolites were measured and the dietary calcium restriction was at a level others have coupled to low dietary vitamin D intake to deplete vitamin D status (25) . As a result, in the Xue and colleagues study it is unclear how proliferation relates to levels of vitamin D status being discussed as protective against prostate cancer in humans.
Cell-based research has shown that 25OH D and 1,25 (OH) 2 D inhibit the growth of normal PECs (26), immortalized but nontransformed PECs (27) , and prostate cancer cells (28) . Several other cell studies show 1,25(OH) 2 D or its analogues can induce apoptosis in prostate cancer cells (29, 30). These phenomena have also been seen in animal studies after treatment with vitamin D analogues, for example, daily oral doses of BXL-628 for 1 month reduced prostate cell proliferation by 40% in castrated rats treated with testosterone (31), vitamin D analogues induced apoptosis in the prostate of rats (31) and mice (32) . Unfortunately, treatment with 1,25(OH) 2 D and its analogues often results in hypercalcemia (31, 33) making the results from these studies challenging to interpret regarding risks and benefits. Our data are consistent with these earlier findings and they extend them by directly showing that these effects can be elicited by dietary vitamin D alone and by showing that the protective effects of high vitamin D status can be extended to the cellular environment of early stage prostate cancer where growth control and cell survival are dysregulated.
The enzyme responsible for 1,25(OH) 2 D production (CYP27B1) is expressed in PECs and treatment of cultured PEC with 25OH D leads to 1,25(OH) 2 D production and cell growth arrest (34, 35) . As a result it has been hypothesized that vitamin D-mediated effects on the prostate are due to increased local production of 1,25(OH) 2 Our data show that the VDR is crucial to protecting the prostate microenvironment. This is consistent with early studies showing that 1,25(OH) 2 D-induced growth arrest of ALVA-31 cells was reduced by antisense RNA against the VDR (7) and that VDR overexpression enhanced 1,25 (OH) 2 D-mediated growth arrest in PC-3 and DU-145 cells (8) . Others previously reported that VDR knockout mice have higher cell proliferation rates in the colon (36) and in mammary tissue (37) but our data are the first to show that the targeted deletion of VDR from PEC alters their growth in vivo. However, the gene targets for VDR-regulation of prostate cell proliferation and apoptosis are not known with certainty (27) and our in vivo approach cannot determine this mechanism. Some potential mechanisms include induction of cyclin-dependent kinase inhibitor p21 gene transcription (38) , disruption of Wnt-signaling through direct VDR-b catenin interactions (27, 39) , repression of genes for antiapoptotic proteins (29, 40) , and suppression of Iroquois homeobox gene 5 (Lrx5) expression (a negative regulator of p21 and p53 that inhibits apoptosis; ref. 41) . Future studies will be needed to gain greater insight into the molecular mechanisms for the effects of vitamin D status that we saw on PEC proliferation and apoptosis. An unanticipated finding from our study is that while the deletion of VDR from PEC increased their PI, it also reduced the PI of the prostate stromal cells. There is an emerging body of research showing that autocrine and paracrine crosstalk between the prostate epithelial and stromal compartments is a component of prostate carcinogenesis (22) . While both prostate epithelial and stromal cells have been reported to contain the VDR and respond to treatment with 1,25(OH) 2 D (27, 42), our data are the first to show that disruption of VDR signaling in the epithelial cell may modulate the communication between epithelium and stroma. Epithelial cells are known to secrete a large number of growth factors that could influence stromal cell biology through paracrine signaling (43) . However, it is not clear how 1,25(OH) 2 D or VDR deletion influences these pathways in vivo.
Earlier studies in LNCaP cells showed that androgens increase VDR mRNA levels (44) and that androgens are needed for 1,25(OH) 2 D-induced cell growth arrest (45) . In contrast, we found that the impact of low vitamin D status or VDR content on the PEC was consistently observed regardless of androgen status (i.e., the main effects of androgen and vitamin D were statistically independent). This is consistent with studies showing that the antiandrogen effects of Casodex are independent of the antiproliferative activity of 1,25(OH) 2 D in human cell lines derived from a bone metastasis of prostate cancer (46) or in several prostate cancer cells lines that express the androgen receptor (47) . Thus, our data suggest that while androgen is the primary regulator of PEC growth, maintaining high vitamin D status and signaling through the VDR is an important, androgen independent means to suppress cell growth in the normal prostate and in the early hyperproliferative stage of prostate cancer.
Another unanticipated finding from our study was that serum 1,25(OH) 2 D levels were regulated by castration and androgen repletion in the reference 200 IU vitamin D diet group (i.e., reduced 53% after castration and restored by testosterone repletion). This suggests that androgens play an important role in regulating vitamin D metabolism and therefore calcium metabolism. Studies have shown that antiandrogen therapy in men is associated with osteoporosis and risk of fracture (48) . Consistent with a role for androgens in the control of vitamin D and calcium metabolism, Francis and colleagues (49) found that serum 1,25(OH) 2 D levels and intestinal calcium absorption increased significantly after testosterone treatment in hypogonadal men. However, additional research is needed to determine if the reduction in serum 1,25(OH) 2 D levels we observed is simply a short-term adjustment to castration or whether androgen depletion has a persistent impact on vitamin D metabolism.
In summary, our data clearly show that low vitamin D status and reduced signaling through the VDR disrupt the balance between proliferation and apoptosis in the epithelial cell of the normal prostate. The effect of low vitamin D intake also occurs in the prostate of TgAPT 121 mice with premalignant prostate lesions and these vitamin D regulated effects on cell dynamics are associated with an increased severity of prostate cancer lesions. The effect of vitamin D signaling is consistent and can influence the PEC independent of androgen status. We believe that low vitamin D status/signaling creates a microenvironment in the prostate that is permissive to early procarcinogenic, testosterone-stimulated events that enhance subsequent prostate cancer risk.
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